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ABSTRACT

To test theory, models of the intersection of a conical and ¢ylindrical
shell, having three different apex angles in the cone and three different ratios
of thickness to cylinder diameter, were subjected to internal hydrostatic pres-
sure, and the resulting strains at various points were measured. Careful studies
were made of the unavoidable imperfections in the models. The results are in
substantial agreement with the Wenk-Taylor approximate theory described in
TMB Report 826, and with the approximate theory of Geckeler. Comparisons

are aiso made with other theories.

INTRODUCTION

In the strength analysis of the USS NAUTILUS (SSN 571), of the USS ALBACORE
{AGSS 569), and of the 30-ft test™ank at the Portsmouth Naval Shipyard, the Bureau of Ships
encountered for the first time the task of computing stresses at the intersection of conical
and cylindrical components of pressure vesseis. In both cases, special strength analyses
were developed in collaboration with the David Taylor Model Basin. Experience with these
design features has been favorable so that continued omission of shear brackets at such inter-
sections and use of conical transition pieces betWeen cylindrical hull sections of different
diameters can be expected. Thus, rather than attack each future problem as a special case,
the development of more adequate and general solutions for the strength design of these coni-
cal structures was believed warranted. As a consequence, a research program was establish-
ed at the Taylor Model Basin, designated Project Cylicone,! to evaluate the available know-
ledge of the subject, to derive new theory or simplify design procedures where necessary,
and to validate the analysis by experiment.

The first step, reported in TMB Report 826,2 was to extract from basic elastic theory
a family of edge coefficients for cones to provide a convenient method of computing strength
of pressure vessels which incorporate conical elements. Application was considered to both
stiffered and unstiffened intersections. In this report, the proposed theory is confronted by
data collected from a series of twelve model tests, which comprise that experimental phase of
Project Cylicone dealing with elastic behavior of unstiffened intersections. Additicnal tests
are planned to investigate stiffened intersections. Since it is known that rather high local
stresses may develop at intersections without precipitating failure of the structure, additional
theoretical and experimental investigations will yet be required to establish what leve! of
elastic stress may be accepted in design., The tests described herein were confined to the

slastic range and thus do not throw any light on this question.

1Refemr\c:es are listed on page 64.
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The first undertaking in the study of elastic behavior of cones was to examine the
existing theory and experimental work. Seversl thcorotical papers Wore found, but further re-
finement was developed because of the unknown accuracy of approxlmate analyses and because
of the 1mpract1cab1ht) of rigorous ones; this is explained in TMB Reports 8262 and 981.% On
the other hand, collateral expenmental work on the equllxbrlum of intersecting conical and
cylindrical shells previous to the last decade was almost totally lackmg, probably because
exper-;nental techniques were unavailable to measure internal strains of internally loaded pres-
sure vessels.* Withih the last few years, however,, with the advent of wire-resistance electric

A
. strain gages, progress has beeu rupid, An extenswje experimental investigation of steel and

plastic pressure vessels having various shapes of ‘heads was conducted at Purdue University
ander the sponsorship of the Design Division of the Pressure Vessel Research Committee of
the Welding Research Council,5*7 but the models with conical heads were in 9. limited range
of thickness-to-diameter ratios from approximately 0.013 to 0.04. The Ta.ylory;:fModel Basin se-

ries of tests described in this report utilized models in which the raﬁge of thickness-to-diameter

ratios was extended downward to include values of greater interest to naval designers. The
results from these tests have shown substantial agreement with the approximate theoretical
solutions for the differential equations of equilibrium of conical shells deveIOped by Wenk and
't aylor.? i

" The data obtained from two models were also compared with theoretical values calcu-
lated by the appfoximate method introduced by J, Geckeler®® and sometimes called the
“squivalent cylinder’” method. This method is compared with-the results obtained by the
theory of TMB Report 826 and by the more rigorous theory of Love-Meissner, 10 1t is concluded
that, for the fénge of geometries studied, there is little difference between the final results of
either TMB Report 826, Geckeler, or Love-Meissner, although the maximum stresses computed
by the three theories diverge as the apex angle of the conical shell increases.

On the basis of agrooment botween these three metheds of elastic analysis, and their
support by experiment, the Model Basin is preparing for early publization, a general evaluation
of theory and a simplified procedure by which stresses at cone-cylinder intersections may be
rapidly computed. ' '

DESCRIPTION ‘OF MODELS

Twelve unstiffoned models of cone-cylinder intersections were designed so that the

“effocts of three geometric parmneters of interest to naval vlesigners could be studied individu-
ally. The parameters are «, A/2K, and &h/H, where a is the half apex angle of the cone, 4 is

tho thickness of the conical shell, & is the thxckness of the cylindrical shell, 4nd R is the
radius of the cylinder taken to the middle surface; see Figure 1.

Three nominal valuea of 4/2K were selected, lying below the range tested at Burdue
University, namely (based on available materials and assumed radii), 0,00391, 0.00617, nd
0.01042. For various reasons, the actual values employed were somewhat different. For each

_nominal value of 4/2k, thro¢ models, were constructed, with o equal to 5 deg, 30 deg, and 60 deg,

riw e ol et
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Figure 2 - Range of Parameters for the Cone-Cylinder Models :

respectively. For all but two of the models k = H; for Model CC-20, A/H = 1.5, whereas for P
Model CC-21, A/H = 0.67. The parameters of these models are listed in Table 1, together with R
the yield stress of tht material; the values of « and 4/2R (nominal) are also plotted m Flgure 2, o
including data for four of ‘the Purdue Um.'ersny models.,

Two of the models (Models CC-10 and CC-20) were subsequently reinstrumented and re-
tested, and two models (Models CC-8 and CC-8A) were made as nearly identical as possible
in order to determine the consistency and reproducibility of the experimental results.

As the ccst of m‘nchined models was considered prohibitive, the models wera fabricated
by tolling and welding t ‘gether steel sheets, The average variation in thickness of a given
steel sheet was £1.0 percent. This low tolerance for steel thickness was deemed essential,
as assumptions.in the stress distribution theory are based on uniform thickness. However,

the fabrication procedure did lead to a variation greater than 1 percent near the intersection,
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TABLE 1

. Geometric Characteristics of Project Cylicone Models

h . t )
Aéir:ege g;ﬁ;adii Average Material Yield Ra:flus Half Apex
Model | Thickness | Thickness |  Stress, o,, psi Cylinder | Angle of Cone | A/2R | /2R
-h -H Cone | Cylinder '12 . a Actual | Nominal
in, in, in, deg
cc-8 0.060 0.060 29,400*% | 29,400% 8.0 30 0.00375 | 0.00391
CC-8A | 0.06D 0.060 31,350* | 31,350* 8.0 30 0.00375.{ 0.00391
CC-9 0.094 0.094 38,000* | 38,000* 1.6 30 0.00618 | 0.00617
CC-10 0.096 0.096 39,750 39,750 1.6 60 0.00632 | 0.00617
CC-11 | 0.’1046 0.1046 32,600 32,600 6.0 30 0.00872 | 1.01042
CC-12 0.0834 0.0834 30,250 30,250 1.6 5. 0.00548 | 0.00617
CC-13 9.0607 0.0607 32,300 -| 32,300 8.0 GO .V\f} 0.060379 | 0.00391
cC-14 0.1034 0.1034 38,750 36,750 6.0 5 ¢ 0.00862 | 0.01042
CC-15 0.1061 0.1061 38,400 38,400 6.0 60 0.00884 | 0.01042
cec-16 0.0725 0.0725 32,200 32,200 8.0 5 0.00453 [ 0.00391
€C-20 0.09,74 0.0607 39,900 31,850 7.6 30 0.00641 0.0061“'}'
cc-21 0.0607 0.0474 31,850 39,900 5.7 30 0.00532 :
. *Compressive, others tensile, i

- but this inconsistency did 'not materially pre]udlce the overall comparison of the theoretical

and experimental results.

All models were fabricated in a similar way. The. cylindrical and ccnical sheils were
machlne rolled to the desired internal diameters and welded along their longitudinal seams to
give two complete individual shells. The longltudlnal weld was hand-ground flush with the
shell surface. A steel straight edge was placed against each shell, and, if any generator was
judged to have excessive peaks or valleys that were difficult to stralghten out, the model was
rejected.

Thin stiffening plates were tack-weldsd on the inside of each of the uccepted shells
at both ends in‘rder to prevent any large distortions at the intersection when the cone and
cylind",er were welded fnget};ér. These plates wers removed after the two pieces had been
joined. The weld at the junction was hand-ground flush with the shell surface, The difficulty
at this stage was to produce as constant a thickness around the intersection as could be ob-
tained by hand grinding, Since the shells were not absolutely circular, the excess weld ma-
terial could not be removed by machining, Guide lines scribed on both shells were used by
the machinist in grinding the intersection into a sharp and true line. Tkickness measurements
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made &t the intersection after the modéls
were completed, as x-':ihown in Figures 56 to ‘
60 in Appendix A, gave no ohservable trend
as to overabundance or undercutting of shéll ,
materials.

Models CC-20 and CC-21, which had
different shell thicknesses for the cone and -
cylinder, were constructed so that the ingide -

diameters watched; consequently, in addition

to the excess weld material, the abutting
shell material at the intersection had to be
ground off,

End plates were welded on each ernd
of the models, The plate at the cone end
was 1 in, thick; that at the cylinder end, :
2 in. thick. o

A completed model is shown in
Figure 3.

INP2i-49729]

Figure 3 - Completed Model Prior to
Instrumentation and Testing

TEST APPARATUS AND PROCEDURE

The models were instrumented with electric wire-resistance strain gages. Models CC;"S
through CC-16 (except for Model CC-8A) and Model CC-21 had gages only on the outer surface
of the shelis, Models CC-8A, CC-10 for ﬁhg retest, and CC-20 for both tests were instrumented
on both the éuter and inner shell surfacos, with gages back to back, to provide data for pos-‘;
sible correlation of strain results with variations in thickness and initial departures from cj{f-
cularity at their point of location. |

For the high strain gr }dient near the intersection of the shells, Type A-8, 1/8-in. gage

length, SR-4 electric strain gages were oriented as close together us possible in the longitudi-

nal direction. In the circumferential direction, SR-4 Type A-7T gages of 1/4-in. gage length
were used, since no variationﬂ m strain was expected m that direction, Gages were cemented
to the surfaces and dried as rbcommended by the manufacturer, Gages fuund to iiave a resist-
ance to ground of less than 100 megohms were roplaced. The distance of the conterline of

each gage from the cone-cylinder intersection was measured with a ruler to the nearest 1/32 in,
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1 - Figure 4 - Typical Layout of Strain Gages

The gages were placed in pairs, one circumferentially, the other longitudinally, from
& point 8/82 in. from the intersectioii to as far as 6 in. away on the conical shell. The gages
were located along generator lines arbitrarily labeled 0, 120, and 240 deg. The 0-deg Aliﬁe

_contained the largest number of gages, while the other two lines were used for spot-checking

the data from these gages. A typical layout for the gages is shown in Figure 4. Models in-
strumented only on the outer surface carried approximately 75 gages. Twice that number were
used on models-instrumented on both inner and outer surfaces. ” ! )

Models CC-8A, CC-21, and CC-10 in the second test had a large number of addiéiona‘l
gages on the inside or outside of both the conical and cylindrical shells, arranged in bands
3/32 or 1/4 in.‘}rom the intersection; see Figure 5, These were installed to investigate pos-
gible variability in strains suspectad to deve.l.'op from initial out-of-roundness. ;

The lead wires from the inside gages were brought out through the large end plate by
means of a TMB foed-through dovice, shown in Figure 6. This feed-through device had 100
holes, for 50 paired leads from the gages. For the models instrumented on the inside, where
more than 50 internal gages were used, common ground leads were employed. A typical test
setup is shown in Figute 7. "

Prior to the strain gage installation, circumferential and longitudinal circularity, and

thickness, were measured along sections and generators on which strain gages were located,
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Figure 7 - Typical Test Setup Showing Figure 3 - Apparatus for Measuring '
. ‘ Mode! CC-21 Circularity and Roctilinearity ‘
Switthing boxes #nd strain indicators sre in the fure- The apporatus inside the shells is for circumterantinl

©ground. VProssure apparatud is to the left, . circularity measuremants, snd that on the =ide, for meas-

uring longitudinal profiies.




-son of the theory with steel models tested at Purdue Umversn.y

Ames dial gages. mounted on the shafts of manual deflectometers were used for the circul;irity
measurements; see [igure 8. Circularity and thickness were measured to ]gno (2) an indica-
tion'of the initial out-of-roundness of tke model, (b) an indication of generator rectilinearity,
and (c) a posmble correlatlon between initial mrcularltles measured thickness, and observed
strain sensitivities. . .

Prior to testing, the models were completely submerged in oil for 24 hours. This pre-
vented erratic ,therfha.l effects by equalizing the temperature in the model and the dummy blocks
on which temperature-compensating gages were mounted. In testing, infernal pressure was
applicd by oil in magnitudes such that.the maximum observed strain was about 50 percent be-
low that at which yielding of the model material was first computed to occur.

' The strain gage readings were plotted against the applied pressure, and the slope or
strain sensitivity in microinches per inch per psi of pressure wasiot tained for comparison with
theoretical cslculations. Strain sensitivity was employed in preference to stress because
both gages at a point would have to be operative in order to obtain the stress, whereas strain

sensitivity could be determined from roadings of a single gage. Positive strain or stress in-

- dicates tension, and negative strain or stress indicates compression. Sirain sensitivities in

the cone and cylinder for the 12 models, in microinches per inch per psi, are plotted as a

" function of the distance from the intersection along the generater.

- EXPERIMENTAL RESULTS

The plot of experimental strain versus applied pressure was essentially linear.
Figure 9 is a sample-plot. Two pressure runs were usually made, and the slopes of the
pressure-strain plots almost always were identical. In all but a small number of gages, the '
zero shift, after removal of the pressure, was not more than 10 pin/in. Where a gage did not
return to its originu’l"‘mading, it was assumed that local yielding had oceurred in the shell,
probably due to the initial stresses induced by weldmg at the intersec¢ilon and the longitudinal
seam. All gages had a resistance to ground of at least 100 megohms prior to the tests,

Figures 10 through 35 show the experimentally determined strain sensitivities for all

models tested. Theoretical curves are drawn in these figufes according to the theory déscribed ’

in TMB Report 826, with the addition of s few curves based on Geckeler” s theory. A compari-
5 is also of interest. Models
2 and 3, shown schematically in Figure 56, were chosen for thlB comparison because they i
were the only models with a sharp transition from cone to cylmder. The experimental result,s
for these models are shown in comparison with theoretical curves\m Flgures 37 through 44.
The variability of the experimental results was checked by performmg the same test on
two identical models {CC-8 and CC-8A), and by retesting two models (CC-10 and CC-20) with

gages on different generators.*

*Model CC-8, which had been destroyed at the completion of the test, was duplicated & aude of insufficient
strain date. Model CC=-10 was reiastrumented because of its extreme cone angle, end in order to obtain additional
comparisons with TMB Report 826 und Geckeler approximate theone.-u.
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Figure § - Typical Plots of Experimental Pressure versus Strain (Model CC-15)

i

From & comparison of results in Figures 10, 11, 12, 15, 28, and 30-33, consisiency be-

considered very good.
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" Text continned on page 40,

i

TomnT T




10

o9 wm Nm m¢ v.v Ov wm mm 82 ¥2 03 91 2l
T

“Isd 1 jo ensseig oresorpAy [BUISIE] 20] y8-D) pue §-3) S]OPOJ U suieng [BUIPMISUO] [BwIaIXy - 0T 201y

S8yourur juawa|3 sapuiik) Buoid ssuoysiqg

80 b0 0 %0 80 z1 o

S8YOUI Ul JudwI3 2uod Buoid 3dupysig

0¢ 2 82 2¢.9¢ OF wvb BY 26 mm4 Q9

%u&mom:o_scwezm&m\ o ‘JI ‘ b ‘ _H ‘, ! m BRI
ﬁ, v8-00 19pon —— —t e —
93.69p 0 1D 10JuBwIIBGYT & _ ‘ _ ‘ , ; f ‘ “ * : ,_ N,
iBapovziog; 1w IDjuBLLLIadX] - _ﬁ w ‘, »_ W_ ‘ i W _ﬁ W T h : E 8 u%
8-00 19pop “ W , ” I j g 5
€a4B8p 0 10 pyuswILiadxg o I * et t w ; W I , ﬁ k _ , ,w ,w | 5
SRR R R YR RN
; SV S N - m 2 E
_ X : * . , ! i i ; ; =
— T
W I e i A 2l
vm/ | | i ‘ i i i i A -

! a0 | SN

4 v/ ; ! ! ! ‘ v
I Y Y I

| ” , boos

N NENENEEEEENEEEE




11

Isd 1 jo amsseig oﬁﬁwoﬂmm [3WI8YT] 10] y'8-00)) [opoy ur Sutens reulpmiduor] remieyuy - 17 sandr g

S3Ydul Ut quawal s sapuij A Buoyp ouysIg - -

o ac ma ol iuswRLS Bpuy 0~ 324U U1 4Uswa up
oo ) ; : . ) ) bl 13 3uo) bucio aosup,
S S 8P vb Ov 8¢ 2¢ 82 b2 02 91 2t 80 vo Y0 B0 21 91 02 vz gz 3¢ 9% _o.v Mqﬁ%v 26 o
., Rt - ’ . 2 m O.w

o
?

T NN
S— | H . O w i w M !

i | [ .
FH ] w ‘ | | . i _ ! | i ;

{ . _ “

o

)

Yout Jad $8YUI0LOIW U DG

——
seaibap op 2.
TL PUD 02! 1D [D4uBIIACK T &

1
83463p 0 40 [osuBWIIRENT O




1sd 1 jo emsse1J o138ISCIPAY [BuIeIU] 10j :
V8-00 Pu® 8-} S[SPON Ul SUIENG [B1JUSIDFWNIIL)) [EUISIX]{ DU [BUILIU] - ZT 2andig

SBYIUH Ul Juawa(3 JBpuIAD BuO|D BIUDYSIQ - SaYdU1 U JuBWa|T Suo) Buoip eouTysiQ

o} :
09 96 26 8¢ b Ov 9€ 2€ 8¢ ve 02 91 31 80 b0 PC 80 2! 91 02 vZ B2 2¢ 9¢ OF v 8v 25 9GC O,@o
| T
== A t G- =
620012 3021 0 IDJuBWIBdXI N |
. aas6ap O 40 |DjUBWIIAdX nqm-uo DUl : | b~
= AdUd4,WNIID / d0UBIBJUINIAD . |
69pObe 7021 40 iDJudwIIAdXT PUNCID S}uIOd B punaio syuiod gy ~ -
V8-00 1ouaix3l o aboiaAy | DUIB) |
22408p Q 40 |DjuBWIIRdXT o aboiany [pusaju] D228 | ) @
. B = -
T, . 3
) 63D ObZ 2021 40 (DjuBwIadxTe ‘ y 5
i 294690 O 40 juBuILIBdx o EOC 1PU2XT - 5
| A :
N (2]
- , bapog = » A\ ° g8 .
, 9l-y2 \ ; 5 t
91 _ . P :
T » o j0o1308Yy | | 2
V\ & z % M
. i i W
- ! lod o Qe 1\4,m W,
xv\ o / \V\\.l‘\V\AT\lIY R P
= —— \ o \.\ . &=
A to ] ) T v
- i T L) :
! o o . ] B
| _ w
| ; 9

i
ll




3 I P e . - R,

= == - R SN B N

1sd T jo eanssesj 9178)SOIPAY [BWIIY] 20 6-0D [9POW Uy suteng [eutpniiBuor] yewIegxy - g1 oSty

o!.us ul JuPwe| 3 puAY BUOID 9oUDISI]

13

0. S8UdU| Ut Juswd|3 suod BuoiD aduDIsIO

09 96 26 &b v Ot 9¢ 2¢ 82 v2 0¢ O 21 80 +0 0 80 21 91 02 o2 82 TE YC . Obv vv Bb 2¢ ¢ 09

: - - ; G-
!
M ‘__ﬂ.dﬂma G
- ; 928 wxm gnL b-
$80.080D ObZ 02! I0 IDJUBWLIRAXT @
aaibap 0 jo [DjuswLedXI O i ¢
souubep OC o #&m . e TN SR "
261 =42 pe - - H 3
B , 4" | ,

[ _

/ o

of Hm\ 1° | |

5 Ty \MN‘ /L - g
],A \ N | g7 - 928434 ENL 10ousioRuL
N .
‘4 AN 7 2
N | .
b J216%099 100118400y ¢
:‘
= - - et - - e R ] e m . - . . =

Yol 48d SBYIULDIDIW Ul UIBJIS



- _—— - - - e - - = T e T T ) =
F LA SO . . : ER - . I L ’ R 2 \uwé ¢
. 18d 1 j0 8In8s01J 211BSOIPAY [8WIauy 105 §-00 [opopy ur suremg [BlIUeIeJunoI) TeuIa)xy) - F1 2andiy
: $3y5S2 us Juawe 3 |uc) buo)n 3JuD}sig
o Saareennl 0] : :
gl 80 »0 vC 80 21 g1 oz b2 82 2¢ 9¢ ov vP Bp 25
I ﬁ _
¢
3
g
~H 5
= 3
. (2]
- g
2
=
o
[ ]
°©
< d
-~
. 3
- (2]
g




15

1sd 1 jo eausse1q o1181SCIPAY [RUINNU] 10 GT-DD [SPOW Ul Sureng yewipmifuo] [pwieIxy - ¢T 1nS1y

sayout U luawe|3 Japuijko Buoip 3DUD}S) n_ Saylu} Ul JuaWd| 3 8us) Buc|o acunysIg

s = o -
09 96 2G 8b v O¢v wm 2c 8¢ t+2 ON o._ ¢l 83 vC +'0 02 $2 82 2 98 UP vy 8V 26 95 C www
I 4 ! T _, R
] L. L L b e
N BE . |
o o e e

P L 1= N N SO —— Ot~
; i “ ,wEomv vauvom_ E_EcwE:maxw \ 1531 ncoumm w ! M.

. aa.bap O io|Djuawiiadxly g . i 3
| “ h $98.68p Q27021 10 IHuUdwiiady3 o 183) isnd : , m
L | , daJbap 0 40 (04uBWIIADXT © ! 3
T H T -
! w % ﬁ _moo\_munow » j M w

W “ Nm_ mwﬁ ; 3
, . - |l =Yy : , H :
: i 2 :
ﬂ b _ M
, | ! @

— T RN w\ |
i b ! | | L _ .

W 1

Cod | o w _ . ﬂhu\
_ : h ! ﬂ ! . D! 48]9%999 *|D2118408 | ‘
‘l % A,‘ﬁ T ” W | k\ 928 44y mEv._vn_.OU,_.—OLOQE.H. M / ~ ~_ _ ) l!,m N
S I I O O w ; 0 N, I R N YR




[E——— ]

) - R ) . - P
5 |
. (191 puooeg)
~ Isd T Jo ainsselg d1ye1sorpAq [eussu] Joj OT-0O [OPOW UI SUTBHS [euipnIISuor TRWIU] - 9T @anSrg
$3Yaul uy juswe)3 JapukAD Buoid IsudysIg - 0 - wu:uc_ Ut uawa|l auod Suop udisIg
09 9C 2¢ B8Y ¥vr Ov 9¢ 2¢ 82 v2 02 91 31 80 %0 YO 80 2t 91 02 +b 82 2L 9% Ov vty B8b 26 9¢ 09
- o
Py p —— -
§28 148 WL “poueiody)
P \ P S Iﬁ - 2-
e A
Q y] . .
. A\ A . A o
- NEEE S I e
I 2
/ n . a <
= ! -1813%299 “|pdLes09u ) ! »
. ) /, 2 w
= $29.05p Qb2 $021 10 (DawLdx3 ; ¥ 3
303p O 40 |DjuBUILIAXT O ; W
* o f 9 3 i
' - . r [ 3 i
- $90.089p 09 = @ —— 1 8 5 !
__ . 2'gl= 43 /| ’ \\ -
_ . / o1 9
. - . 28,y WUSIJWNDNY PUNOID K [ 3
- ’ £ $1U104 G 9b0IaAy =%, ®
- . 2l o
| 1T ;
i 3 )
STl | = |
1 / \\ 1 Sl
!
L ]
3 - 0z
) : - : le—1 928 04 BAL .
. 22
; - 19{8%389
) ! v3

Wt T

in
:




tsd T jo emsselq 0118Is0IpAY [8UISIT] 0] OT-D) [OPON Ul Suteng [B1IUSIeJUIN0IL) [RUISIXT PUB [BUIOU] - )T 0andig

17

) SP4IUI U1 JuRW T JepullhD BUOID BIUDISIC  wg— D - YOUl W Juswa3 duod Buoip DU .
09 9 2% &y ¥r O% 9¢ 3T 82 v2 08 91 21 80 L4 Y0 80 21 91 02 #2 €2 2€ 9% Ov vb g 36 9¢ O.wm
T T -
928 {44 an)—|
g-
R PouRIdIWNI LY
$99.600 02,4 021 4D (DJUILLIAXT w \ /y ¢ 2
92482p 0 10 [DuPWLIAdXT o L PUOPES — (DUIBU] v —r punaio sjuicd ¢ T l-
l” oBnasny jpuseyui
$90.00p 012 # 02 10 IDIURWLIBCXT ¢ ] PLOISS  IDUIAIK a a-
90.08p O ID |DjUSWILIBEXT gitoLp m.& X3 4“
L ln
¥ nl.
=24%:53D ObZ $0OZ1 10 10JudwRdX3 o \
99890 0 o IDjURWLRdXF 'Sl 18414 - 19UIexT # \ I v
1
se9:09p 09 = ® / X . m
261 = ¥z K 8:!.3.&:3_0 q /
.Nnm. . x punosp syuiod g ,w 2-
o sbosery pusagug \
/ e
\
- / - 0
// 928 494 8wl “iunsoey; o 8
- !
d
- J/ 8 ° —1 7
O ¥ £ 2
-~
e VENE
NN / : i <
I i == - 1919%909 “|Loyss00y | v

- B I o U

HOU| 490 SOUIUIDSIIM Ul WIDJIS




/
/

t1sd T Jo amssaig d138IS0IPAY jeuseuy loy T~

Y . I 1 < 1 700 [opoly T sureng ﬁaﬁnwu@uszoho Mmﬁuuxm - 6T oSy .
S8UdUL Ul Juawa 3 JapuIAD Buojo 2uDysig == o Seyoul ur juswa|3 auo) Buo'p 80unysiqg
09 96 2S¢ 8% vp 0v 8¢ 2¢ 82 2 02 91 291 go 0 Y0 80 21 9 02 bz 8¢ 2¢ mm Ot vv -8b 26 g¢ o.mm
ﬂ ““““ T Jimmeo%!ov Ozl o _E&H.Mmﬁfo*l l_.iJ ‘.,-,-ﬂl,ﬂ! roorT v 1 T h IR
% .ql aa169p O ip L e | ! ! ' ! ! ; ! ! 3
Tn, - Jl . - — ! : , ‘ _ i Jﬁ 2-3

4out ded saysujoson [HIRTH

- 0
, e
| <
oJ !
i,
: %
isd 1 jo mwzmmo.um.oﬁ.mumogwam Teuwsaquy 10§ 11-0) [epopy ut m,ﬂd.;m Teurpn)iduory Maﬁmuxm + 8T @an3r g
mm:oc_ Ul juBwsi3 JapuiL) Buop acubysIg : $3udul Ul WawWalS suon uco_u ;dUNSIq
oo om 25 B¢ vt 0¢ w Nm 82 2 02 91. 21 80 Q. =0 Y0 8C 21 91 oz e Y 8t N,.m wm 09
I]II_’ IJ_I h L v
. L
T wEomn o«.mwom_ 0 _oEwF:m%mLﬁ y , - m .
33.bap . a_oEwE:oaxuo | : ' : B 3
u!,m:,' - Nl
v $82.169p O¢ = p f A | L |
2l=yz [TITI - ff!.L - |.+IJ! ,.lel-w iaJl,..: -

S

| (9ze) any
I /u;muuuoos.HLI

WL, 18d sayIuiold s ut o3 ¥ 3es

o e




a

1sd T 30 @anssaiq o1ye3soIpAy [euietu] 10§ ZI-00 [SPOJY UT SUIBHS 2 IUSISJUNOILY [BUININT = 13 aanS1yf ; ‘ ,

SALDUL Ul Judwai3 sapunhn buop 3Ju0ysiQ g

0

- - - S34IUl Uy JuBWR(F FU0D BuoiD BJuDySIC

09 96 26 8t ¢p gr 9¢ 2¢ 82 v2 02 91 21 B8O %0 Y0 80 21 91 gz v 2 g3 2% 9¢ Ot v gb 26 96 g »

i T T T T T T T 52-2
: sdaibap o2 p0gt o _rEuEtuuxu [ ‘ ﬂ A_ m Q. .
) " 82463p 0 40 DjuawLAdXT o __ i3 i ﬁ
E t ! 3 !
) s394bap g = © “ H “ | I 3 ,
, 7 25l = ¥2 ,, Jo 3 W
I 2% _ y W — _ i m. W
| - : Q. L p B I
o oo, | e I (928) awy A W
= o | 8o . JEonRI0s L N I T <
: > P———— S R W B e e %% |
? } _ i Mﬂ m .

- : -
[=~} i
- !

Isd T jo amssaig oryessopAyy [eWe3u] J0j Z1-00) [OPO Ul sureng [surpnyisucry TeuIxy - 0g amSryg : !

$3YDUL Ut JUBWIIF JapuljAD Buoio acupisiq

‘IIOI.I..'

S3ydU Ut JuBWB}S 3U0D Buoid BOUDYSI(

09 9¢ 26 QQ vt Ov 9¢ Nm 82.¥2 02 2! &1 80 vo. 0 80 21 91 02 vg mN cE 9t Ot bv mw. 26 8% 09 @
_ $99468p OpZ 021 40 |DjuAW 1I3dXT e “ , i ﬁ 8
! E 32102p O 40 jDJuaW AT o , _ L 3 ”
i H T T L : 1 . i
_,ﬁ _ _ﬁ * 99468p0¢ =0 ; W ﬁ , _ | ‘ . , _ “ 3 I
_ - — . esi=uz ” “ " ] L 2
] b i - M | ! T o N B - |
! ! 2% =y : . | - ! i ! | ,
r _ ! i £ ! | i | leonasocay; | _ ! % 3 |
| o | / _ A | T 3
| e el . o\ P VAN, s * 3
_ : i * | ; i \~ ‘o ; ~_ i [ ! a =
R -




L ——

I1sd T Jo eInssa1g o178ISOIPAY] WIS 107 C1-00 [OPON Ul SUTRNS TsurpnyiSuory jeuseXy - 3g eandrg
S3YIU W Juawa|3 apullkd Buoip aosupnys|g 0 sayou! Ut Juawall suod bucip asunysIg
09 96 26 B8Y vv Ov 9 2¢ 8¢ v¥2 Oc¢ 9! 21 80 ¢.o‘ 0 80 21 91 02 P2 82 2¢ 9¢ OH $v 8b 26 9%

PR

Yaus dad SayouInsdIw Ul UlnyS

— ‘. T \4%\ 1 T T 1
v1g - ™~963- | | _ P
= : w ! :
N Lo ; “
‘ 1 |
B ‘ 0, I } 4, |
AR | " :
RN i |
T I W ! _ |
i T ) . T T 4
B | 1 miil | | ,
_ S PR : , j _ ; : ,, " ; ;
. i §80463p 0L 2, 702! 10 IDIUBWLIEdXT @ ! | i , ! i
@a16ap O 10 1DjUBWIIANXT o W , | | U
K $90168p09:= 0 o w | W | | b ,
9l=42 . : i _ ; : |
2oy : % / o Lo W |
. k : M : | i ,W
i i , N , ,. “ - m _ w
! ﬁ ] m m |
5 o ) ! ; L oamn
. , L/ | | yaid et
AN 2 A N \\4 w i DY
. A a | , M | b
) Ty T
[ ] b A , l W ;
| ! A \ / ”. ; , |
P + | [ g m o ° \m/ ,, 7, o
/ i , < - , ,
L " , | (978} aml i
. | /ﬁ\ ; / ! \ /ﬂ.ﬁauﬁﬁaoﬁn ; W
! : . | . ' ; T
m L\ : | -
; ; SR - —
S — | 1 i } | 1




w EPE r—

_ /1///11.\ — D ~
[ - - - o om~ — o b oo =y = .. e 1.\‘“ - i - v . - T .,(.,
_ - e . 7 & - A
19d 1 jo eansseig 0118)s0IpAY [BUISIU] 10] £T-00D [OPO UL SUIRNG [BHULILJWNIIL] [BUIRIX] - §§ @Ind1]
SPUDUI U1 JURWF JspulAD BuoID FJUDISIG e 0 > Seydul up uaw3|3 3u0D Bucip PauoisIg
09 96 26 B8Y v+ O 9¢ 2% 82 $2 02 91 21 80 +0O $0 80 31 9V 0¢ ve 82 2t "9% O¥ v @v 2C 96 09
T _ = cg~
J
8-
4\ A :
NI |
. -
/s - |
\ > N T T bi-
@ (<] = N_IS
s99469p 043 4 021 4D IDURWIIIOXT @ \o o o V ) 3
. : = a
aaiB6ap O 40 DjuUIWTLLKXD  © A Ol-35
5
saaibap Q9 = » m o / mW 3
T [24
! 91 = 42 . g-2
3
%=y / \ 3
= i -2
2
F
\
o= . 0=
\ | o ° %N
1 Q "]
o 9}
_ T e r Q\ —] L] b
_ ! T ° A <l
, q _ .
~J (gz8) amyL
o 1003 L o




1sd 1 jo sunssesg OBISOIpAY; TeuIequ] J0§ F1-00) [OPON Ul Suleng yrrualejunay) [BWI9NXF - ¢ 0anSig

S3YIUL Ut juswa3 Japuijhn buop 3dupysig ~—— -0 — - S3Yaul ul Juawally suon bucio 3unsIg -

09 95 25 BY bbb Obv o¢ 2% 82 v2 02 91 =zl 80 PO ¥0 80 21 91 07 vz 82 3¢ 9¢ 0Ob v+ b 2% 96 09

LT LT T RN EERE

| _ i ! | [ N _ﬁo 2

‘ -1 $93465D OVZ 5021 0 IorUswIPdNT o * I | J 5

) ! 231B3p Q 10 |pjuswisedxy o _ _ | i ! | m

[ edany! | [ T s

L e T T T e T

o 21 = uz A . > t _ { | w

NENE ] TR T

| _ =y e \LL joo| 1 4

— id— , - T o7 ﬂ 2

LT 1T ] L | IR

I hd -
N
o

1sd 1 Jo-smssoiq onesoupAyg [BWISYUT 10} $T-3D [epopy ur SUIBHS [BUIPNIITUOT TRUISIXT - $7 81n31 g
S9YIUl Ut Juawa|3 sapuijko buoio BOUDISIQ - o) T S8YduUl Ul Juaws|l suod Huop 32UDySIO

09 95 2% 8p ¥¥ 0% 9% 2¢ gz ¥¢ 02 91 21 80 vo Y0 80 31 91 03 v2 g2 2¢ 9¢ Ov v+ 8% 3% 9g 09

h S T T T E T : ! 3

_; | saasbap ove 202 io BEwE:rn&u; ) 4_l ‘ % “ ¥ ,ﬁ h m

ﬁ,w.»ll.‘ oo_”_uwo o) 10 iDjuawiiadxy o _ b , _, ‘, ‘ —i

! $99463p G = o _ | ; | v L 2

i H . ; — Q

. = (9z8) msf_ N -

3 TeomPdoduy,, i 05

| T T 3

——t 5 ,& L& , 5 -

T Tt

- SN SO S

. wL




23

1sd T jo SInsselg o13esoap Al [euseru] log £T-00 19PO) uL suteng [BRUSISIWNON ) [ewIa)xy - 02 ams1g

SAYdUI Ui Juswe ;3 sapulky Buojo a3uDysig —— 0 — SAUTU Ul JWawe3 duog wcoE 23upysig
O.w 96 28 v ,.w..v Oy 9¢ 2¢ 82 ¢v2 032 9l 21 w0 $C v0 m_.O &’ wk,_ 02 VV.N QMN N“n 9% Ov J.v‘ﬂf 2% 96 09
L] * L] SENENERENEEE
m __ $902463p 0bZ 3021 10 (DuaWIAdYT 0“ ! om % \ m h M T \ __ M m_ w_
3 #3ib9p O o iDjudwisadxy o i W\c.o W T : ,_ _ _ . “ _ M m W
_f. ‘k ] ‘ . $9863p 09 = » r \\ OL—VA k& “ g_l _ * ! , % H_ L ‘ %m»
N’ 3 m ‘ AR T M : 7 _ o /— M T * *\ _ _, __ ﬁ _k JMN(
S SR R b7/ R W AR N
A e
e R T s e
W __ _ % | o ! “L ‘ ° $ . ;u \hw\\ .w i h N
L] HEEERREREEEE —_ | ]
-1 5 L’L’LI’IILm

45

4aul ied seysuwosdiw wo




o —

24

1sd T Jo e:mssa1g OI7e3soIpAy “eulsjuf 10j ¢T-00 [9POJ UL SUIRNG [BUIPIMISTOT] [eUIOIXE - L& a1nT1y

sayoul ut Juawal sapund) buojo IJuoysig
0% 96 26 8v vt Ov 3¢ 2¢ 82 v2 02 3

2’

80 +0

0

sayow ul Jeswaly auod buolo 23unT510

¥O 90 21 91 03 ¥2 82 28 9¢ Ov tvv .8% 26 95 09
T 1

-

—

|

|

1

ﬁ

. i
m | | i
_ w
_ N W
saaubap Op2 P 0l 10 [DjudWIIIdXT e * A | ,w
sasbap O 10 |DjuaWIIACX] o N Jr 1 ,ﬂ
o ,. ”
ssa.bap Qo = © / w J , b
| 21 = ¥z _ N H L e
Iw. =4y = 4\ P ! i _, _ g | i
H ! | Nl
I T T
_ | ! L
| | | o ] | B
- } o | |- s M o
. v e T T PEonee s
i : b»\\‘ i i
- W ” '
N o N | o
, — — 2
| N ° B N
i : ,,
T | {9z8) WL | , ,W £
— oA Jeo1393031 Y, | A m )
e ) T I T j !
| N Ll | !
[ ! B S [

uoul 19d S3YOULOIIIW Ul UIDNS




v

i 3 : B § - R s -
]
1sd T Jo eanssal g o1183IS0IpAY [euIdiuy 201 9T~ [OPCJ Ul SUTENS [BIIUSIDIWNIILS [RUWISIXY - §7 OJNT: ]
= SSYoU! Ul juawa 3 ispunkD Buoip asupysia -t o] - S8Y2U: Uy juawai3 auos Euoin adunsi]
08 9§ 3G 8V P (Cv 9¢ 3¢ 82 v¢ 02 91 21 80 0 Y0 80 21 91 02 2 92 2 9¢ Ot ¥+ ev 25 o9 O.m.o
| | ! ! P Co ‘
,ﬁ i . | j ;
i - j I : ! : s I
| 888163p Qb2 7 02! 10 IDjUBWLIGIXT - | | X , i , pg
A,_.|J 33:5ap ¢ 10 jpjuBwadXTY o , ; 7 , — ¢
i i -
I , ¢ | ! i 5
! i ! 7 $33bapg = © , m * - : , : —
! . ' ! | 1 : | : i =
m ﬁ | : 9l = u3 R IR R
| N o _ | 4 L oz Ema L
i [ i ; 4 N 11 [zonddosyy | W Z
| T | AL N T
| ,. | 7 L o | | , [ A |
! = * —r— (o] * —= §
. : L | ”. ; i ° W A, L © L6 ° 8 e [
” ] W : | - 5 S B '
: ! i | | i I I , !
i S N o | i o Lo SIS SR
! 1sd 1 je emssoly oneisoIPAY] [2UILIU] 103 9T-0 [FPOIY UL SUTENS [RUIPTIISUOT TOUIANX: - 87 AINS1L :
SaYour uy judws3 Jep w9 Huoo aoupysig ——— - 0 @ — St ,.,,Ewc._o_u 3uog Bucip 3vunisig
C9 9¢ 26 8¢ ¥p Ot 9¢ 2¢ 82 $2 0¢ 91 2i €0 bO 50 80 21 91 02 v 82 2¢ 9t v +v ev 2 98 C'% :
ﬂ T T T T _ A D S R K
! | I w o e P . 7
; H N N S | NN [ S E B T L "
W ¢ s931Bap Oz 2 021 40 IDjUBWIIBdXT @] i j | . i : | ; g
| : 8a4bap O jo |DjuAWLIBAX 3 L : i , “ ! | L ; W w
g eeeesae AR Es , :
! ! ; . ! 9l = ¥23 ! 1 12| ; : : i ! : ~ 2
= T - AL D : ; =
! T =y Do o UV L R W o « S
; 1 } i i s " N i 1 . i i o ~ =
{ t & B i g ° WAL | i T ) T A ,u.
) w T T #m/. ° \.\ , v Yz
I A R R R N , 3
. ; ! ! ; ; | : : : =
o | ! | i | . N . i ) : H &
) L i , _ , m f ! ! \ i ; : : [eon3RI09y Y - i : =
i i L { i i ! i . N - - - i " 4 N
b




o At

26

isd T ..w,o 2INSSO1 O1JBISOIPAE [BWISIU] 10] (Z-DD [OPOW Ul SUrRHG 1eUPMIBUOT] [euInNXy - g 210314

834Uy Ut Judwa|3 JepullAD Buoip souDpisIg

- ) ————

saydut ul yuswa3 sues BuoiD sdUDISIG

09 96 26 8Y vP Ov 9¢ 3¢ 82 +Z2 02 91 21 80 0O $¥O 80 21 91 02 v2 82 3¢ 9¢ OP v 8 26 9S O.ON_ .

= ;A =

- i
P
15
_ 8-
spa.bap 042 $ 021 10 IDLBWNIAEXT #
23.63p O J0 jDjURWLIRAXT ¢ {saL puoaag -
s29.09p 092 P OZ1 ID (DJUIWLIAXT @ . ﬁ
" Taaibap o b jojuswadig of ok = 1 S-
§ ..
ss34bap O0g = ® 261 = N2 ‘
— 9l _ 28 _ v-
5= H <= 4 \

: g &=
2-

M % I [

- T
. L [o]
° > o K, 3 . P g d
}{ - - — -
§ “m NP &_/ . o \\
4
R 7
v\n L] (Gz3) anl
N ~ 1BOT32102Y,], i >

YUt 18d SIYIW0LIM. U VDS



tsd 1 Jo emsse1q oneysciply rBuSIUY J0] 0Z-10 [EPOR Ul sursng Eﬁusﬁmuoq ?E.Sq - 1¢ 8andiy
$3YsUL U EmEm_m Ev:i) buoip asupisig o SaysUl Ul fuawa(3 euo) Euois B2uDisIg
09 96 2¢ gv v+ b 9¢ N € 82 v2 02 9f 21 80 0 Y0 80 21 9 02 $2 82 Z€ S¢T Cv v 8t 26 98 C9
I S T . g T i 2 -
LT : I P : :
_ - QA, N W , :
,_ , i . T
i | i . i J !
| [ I P | 4 3
L e el A o & o
T T A = e e §
: : m ; . i ; 2
; : : i : ! =
e ) : { i : >
| “ o ] 7 D
i . : , i ! _ ¢
= , I . - £
R . z
4 ,D& I N.%_ Q i L ).1 %
$2a.08p Qb2 702! it _oEmEcw xm . R ; ’
, _ 22:820 0 1 |DJUBWIACXT \ 459y puooag ] W : : 2
e e o 4 N P
508.68D OP2702i IC IDjuduIIBAXT o ieol e : TR 2
! aaibap C ic jojuswriadya o . 5% ‘.w.ﬁ , \ a
e Y oelbep O - e T T ATy ; T
S s \,.. H k
: ! , ) %un ‘ _ ﬁaUa o.-oon{ w J _ ,
: ” A T __ -
P : j ~lee o zizid »Hm _ : e . P
) i M % m , Iy _ /uv e p “ : .




(1sey1 1sa1yg) 1sd T JO ouswww@._m
0178350IpAY [BWIeju] J0] 0G-O0 19POW Ul SUIBNG [BIIUOIOJWNIII) [BUIS)X pUe [8UIBIU] - 7¢ omdLq /
= v |

S8YIU| U} JUIWD:T s9pulkD BuOID IDUDISI] e () e saydul U1 juawa|3 auos bucio #IuDysig

28

96 26 8y vb Opv 9¢ 2% 82 v@ 02 91 21 80 O Y0 80 21 9 02 ¥2 82 2% 9¢ OF v 8¢ 26 ‘w.m O.m¢ ‘ g
. | N ) - I\' : - ”7
| - og] : ) |
$92.69p OF2 S 021 10 IDJUIWIIIdXT @ . ) |
jousayxy 3 » [
c!mou O D [DjUdWLBAXT O . o : 2 :
sanibap ov,m 5021 0 ipjuawnadx3 § - g o\/ W : g
@a.bap O 4o [Djudwipadxl o 1eugul of . i- 3 . |
) : = . i
$90169p 0 = @ Z6l = ¥z \ g 0 s ”
9 . H 2€ u . : \ -] * / 3
T k3 s = - . L 5 4
% o 0 o w_ 3 : |
=l : A o -
T ” N PRI |
2 pad " ., 4 ¢ v |
4 \ ol ¥ P T ®
S ) .
g % - - ozl 2
£ (928) EH.L ! g
1RO13I0Y L, [ 4 G
g| ¥ g
9
4 L




@

29

R e Lo I PR = o o . T

) (180, puooeg) 1sd T jo aanssalyg
‘O1¥ISOIPAY jemIeu] 10J (Z-O0 [@PON UI Sureng [efjEadjunol) [eulalxy DUe [BUINE] - gg 2mT1 g

SOLOU) Ui juewd|] JepuijAD BUOID BOUDISK] S8ydUl ut Judwall auo) Bucip euUDIsIQ

-y ) i kA
D9 96 26 @b vv Cb 9€ 2¢ 82 #2 02 91 21 €C O Y0 80 21 91 Ce v2 82 2¢€ 9% Ob vv 8¢ 26 85 09
T . G-
T ] B
s304bap ovNMON_S_oEcE.:waxm . Dusepx | i ﬁ ,
© eaubap Q 0 |oJuBWLIAAXT o < X } -
598.D8p DbZF021 IC OWBWLIsdXg ¥ m :
[LIRCITN -5 + -
38.B9p O 40 [pjuBwRdXT o ] 1
= saubap ¢ = o 2/ o” : 2. 3
2Gl=¥2 ; ! / A M | M
T / \ ! | R
| H b‘ i T _ _ [ W
i w : | 1 JO :Un
/ y N HEEEs
¥l N A . . ﬁ | -
: Ul T 3
i i ; , : S
. - - e )
X /Aw 4, _ | _ , -
~ ¥ - NIODE T E
I EopRsoRyy, | | b
- : 1 14
? ~ | I : | , |
I - | I ; ; i G

TR ITTRCRI R S e o L T e W W, g T _

e rr




1sd 1 jo eansselg OIIBISOIPAY TeWIeU] 10] T3-00 [OPOW Ul suleng Teuipryifuory TeweIxy - g eanSig

seyour uj JuIwaj3 ?u::»o Bbuojp aduoysIq - 0 e SYSUW Ul Judwalg 2uo) BUOD PUDYSIG

Youl J9d SPYIUIQIOIW Ul Uy

09 96 26 8v ¥b Ov 9€ 2E€ 82 ¥2 02 91 21 80 O Y0 80 21 91 03 ¥e 682 2% 9¢ Ov dvb Bv 2G 96 .m
2
- - 3-
A 522.63p Oyc $ 0g! b jojudwIzdx3 ¢
’ eufap O 0 1DUIWINGXT  © G-
) saubip g = @ vl = 42

. i -

2 .y Sy w M

<

= [
xw - 2-

= 23U jwnd41) ucso.: . !

sjuiod 9} oDpisay i
\ .
= |

-] o OO

¢ T b 4

N\ \ i
/ R ¥, 2
£ )

| (9Z8) an.L :

Jecpssoay],




31

DEETLT et gy g R e o pe o g W T R lllw_.uufﬂ 3

T L e T s b e =Y

e T, TETeLT T

1sd T jo amssesy oi181S0IpAY [¥UIelY] 107 T30 [9PO Ul SUTBNS [BIIULIOJWNAAL] [eude;Xy - ¢¢ oandi g

53UoU) Ut Juawal 41apuilhy Buoid souDysIQ o sayoul W Juawal3 auo)d Buolo dunisig
08 96 26 3% v+ Op 9¢ 2¢ 82 v2 02 9! 21 80 &0 0 80 21 91 02 v2 g2 2¢ 9¢ Ob v+ BY ¢ 9¢ Omm
| i c - =
savubap 02 021 40 I0suewIedxT e ° .
32)B3p 0 40 DsucksIadxT o / I .
. BJUIPHLINDALD punoio nM T e @
$99.69p O = 2y sjuiod 9| 2bolaAy .u - .w.
€ , .4 M ES
vz Fey ) \o * / 5
3
/ \ | 3
‘ * 0 3
- o _ S
_ g
) A | Lo
. (928) WL | « "'g
1eoRA0IY Y, | ~ | I
\ [ ] /
[ s] v’lrd\ H /, V\\Aﬁ\\“\! vN
. e r\i\ NJ ,_ JM
/ \A.\\Lj\4 Q. y ) 1
T = _ 7
- m/[..\\ o w _ v
1 2
0 9 [ _
1 ic




P R

!
i
'
'
%
b
.
\

a

#

0.100" /7‘4—
N

0.0414"— - o4o0"
f

7.500"1.0, V

sz

v Figure 36a - Model 2

Flgure 36b - Model 3

Figure 36 - Details of Intersections of Purdue University Models 2 and 3.

~<re.




S

v T g ¥F - - - B

]

w12} SuRIE 18oTaod B yTBCD saam 19[3N90

ndwod soAmD 39199090 aiy W1 post se® WP SuBIGEI .—uoﬁﬂaho € .Eucuﬁgvuﬁ

’ vo«oo:,ﬁu syl LyrsseATa() anpind A4 P
d 1 J0 axssaid oa.ﬁumo._whm Teudery] 103 g 19PON £91830ATU(L onpang ul 5085018 ?ﬁvaﬁ.waﬁ ewsyu] - L€ sandid

sayoul Ut quewer3 sapusihy BuolD ouoisid - = $3UDUL VY Juawal3 dued suojp 99u0isiQ
2L 99 vg 09 9V¥ oy 9¢ 2¢ 82 p2 02 g1 &l g0 vO vo 80 @ g1 02 ¥v3 g2 2% ag Ov ¥¥ gy 2% 96 ng

S anaEnuns T
IIIIIIIIIIIIIIIIIN

, T HE \\u,lllsmﬁ
| | L NED4 F
- 1 Ty
30pInd %
f 1819R089 {,poyBs0auL 53
i 2
2

LN
i




— —

34

k!

*iIII9) JURIQUIIW [BITUCD B -GTEFUOD SIAMD ID] KO0

= PO - e i e o ki o e e et
iy e e BT g e A e i e S LT Wt St

PR30RH0D YL °AJISISATUf) Snpmd Aq poindmos SIAMD IB[AYIHD) Y UT POSN SeM Wid) JUBIQUIS PROLIPUTIAD ¢ ‘A[IUINIAPeU]

B N

1sd T jo eanssalj 017eISOIPAY 1BUISIU] J0] § [6POJ AJISIAAIU[) SnpPINg UI SesSeng Teuipnyfuory [BUINIXY - g¢ omIrg

S3YIUI Uk JuBwd; ] s9putjAD Buoio BuDsIg

2. B9 $9 09 9C Ov 3¢ 2€ 82 +2 02 91 21 30 +0

0

SBUDUL UL Jusw 3 Bu0D BuoiD JUDYSI]

v0 680 21 91 02 b2 82 2¢ 9% Ov v¥ @b 26 99 09

1‘ oG~
[03-20
oe~
| |
i
| | »
il | i =
| 5
T L1928 404 61 B
J S~—~——— 13193089 v o m.M
I\ RN 2
\ v | ®
3 W gq °
frra— |
h{ o \4/ I
# N A \\\.\ N |
i S - 1ot
—~ /./, 3 /528 48U aW1
o \ r/o.u..uh.....\ ™ 1001484084}
et S~ & 181@ps9 |
Pa32a.1100
anpang lt. ; ce
48|8%099 |D0145208Y | ~




w, ; - ’ WIS} JUBIGUSW [BOfUOD B UTEIU0D SIAMD IS]aNIan |

Po10alLIoD 3y, "AIISIAATU() m,..,h—nm £q paindwod S3AMD ISTAYDID) SY) UT PISN Ses WId} SURIGWIW [EITIPUIIAD & ‘Ajjuslisapeur

1sd T jo emsse1g o1781S0IPAY [PWISIU] 10] ¢ [OPCHY AJISIOATU[] ORPINJ UT SOSSONE [BIIUSIOIUNAIL] [8WIIXy - 0F oS g

sayou: ui Japuilfy buoip asupisig o §ayoul ut jJuawa|3 aue) buo(o asupieig
2L B9 $9 09 96 Ov 9¢ 2¢ 82 v2 02 91 21 80 b0 v0 80 ¢i 91 0¢ v2 BZ 2% 9 Jv bbb 8y 26 96 09
T T T <IIION|
i T ! ; L] L ,
| |
P, —— - 01—
* ! _, ; . ' Q
. - R Babb 1 ; )
I ! ; : [
| ! ! i 5
1 X = : - * 4,0 =z
! i 1318%589 ! ! : T
! ,r/ v, Payz4100 L -
; , ! ; o
: B , ; ©
i > o — : m ! T o1 e
i \ ' H . : i , m
. | . ! . L i L — ,
| o - AT 4 e e L N
2 T T e % W
P o , , I Gonaicay o |
) i  anping . ‘ M ,. ” ”
" ; [4219%229 103132408y 1 i . ; L0 - ]Lls,.Lom
WIS} DUBIGUISW [2OTUOD B TTEJUOD §IAMD ID[2HOD)
pe)281100 onur *Ajtsieatupn snpmd Aq pa:ndwod SIAMD ISISNISD) Y UT PISN SEM WIS} SUBICIISW JEOTIPUITAD e A[JUBLRAPEU] ,
1sd T jo exmsse1g o1yeISOIPAY] [BUINNU- 10] ¢ [OPON A}ISIOATU[} ONPINJ TI SOSSOXS [eljueIojuNoIL JBuUles] ~ g IS g ‘ , |
S9YOUl Ul Juawalg sapullh) Buolo soupysIg o S3YoUL Ul Juswail aud) buoip souoysig )
2L 89 9 09 96 Ot 9¢ 2¢ 82 v2 02 91 21 80 ¥O S50 80 21 9l 02 b2 82 2¢ 98 O¥ vv &€t 2§ 8% O.wun
| R L
m . S T 4
i | ; , I | ! . 3 : i =
V i } i . i o
, * m e — o &
; ' [ 49194239 ,, | \ : 5
£ e L
¢ L Loy , .3
\d.\d/ . 8 ! ! ; . 0! 8
\ | T snapang ' ! b3
. A |, 4813389 1034103y} ; | ‘ |
b \S = 928 49y 8w el T T ol
T | 1091424084 | LT P R
1




36

‘UI19] SUBIQUIALI [BOTUOD B UTEIUCD SILIMD I3[R0

PI3joau105 9y Y, “AJEINATUN] INPMF Aq PAINACWOD SIAMD IB[IHOSD) SY) UT DISN SBM WIS} IURIDWIW [EOLIPUTIAD B ‘AJjUslaApert

15d T Jo emsso1g 9198150IpAY [BUISIU] 10] § [OPON AIISIOAIU[) ONping Ul SOSSelg [suIpnIiduo] [audy - 1§ gy

$BYOUI Ul Judwad|3 Japuihy BuoiD aJuDysIG

22 89 v9 09 96 0% 9¢ B¢ O3 v+'2 02 91 21 80 »0O

sayaul Yl }udwa|3 auod buoip ssucysig

91 02 v'2 82 2¢ S5¢ O v 8v 26 gG 09

| T T 1]

> T
L I

, _

70l -
|

%

1 |
o
!

'

JT
i

7Ty
V

L ,, L&\o\

-
L
P

-
Q
o Au///.vr -

_
*
!

—

! m /

\
. A

i

18134299 “(ooum0ay ]

anpang IV

T

*

tsd 48d 159 Ul $5344G

[N SR

r
e - i

1

SURS ENURNINES WCGRUURES SESUGUSE NN

|| —-9ee iy gL

.[TIT 1319099

= i S et Gl

L AR

REESST - OF



ke

37

‘WI9} SUBIQWAU [EOTUDD B UTBIUCD SIAMD IS[INISD

P93220L00 3y} ~AJSIAATU(] Iupmd Aq paindwod S@AMD JI[IXDIL) IYF UT vaﬁ,WNB W) SUBIQWIW [BIIIPUTIAD € ‘Ajjusiidapeu]

1sd 1 Jo emmssai] O11BISOIPAY [BUISIU] 10] g TOpO A}ISIOATU[} BNPINJ Ul SOSSONS [BUIPNIISUOT [BUISIXE - 2P omS1

$9YoUI Ul Judwa|T JapullhD Buoip adudisIa 0 $3UdU Ut JUBLRI uo) Buop scuvisIg
2L 89 v9 09 96 Or 9¢ 2¢ 82 ve 02 91 2t 80 v0O ¥0 8C 21 91 02 2 @2 2¢ 9¢ Ov vb 8% 2 9¢ 09
29184299 ! T Oti-
1021384034 | i i
/ g } O0i~
: — 928 Idy BWL ! |
— c6-
b
- _ ; 08—
| I —
! ‘ ﬂ | ! i 0L~
: 09-
o h g
=
- T MmJ t , Onim
| q | 2
ﬁ - Ob~3g
T
H | W os-§
~ % L | v W 3
P _h : : : oz~
\ | | o
! | , 9Z28 1d4 6L _” * W A, Ol ~
| i i T 00408y, | i A ]
I T m T 0
bl RN R | o
T T i !
—g— A 2 L \t\\“uﬁf i | ]
" ~ _ —— TN _ S S T,
N \ % T Jalexoey R
- i paIaL0Y W ! i
//. ) \ b 4 H [ 108
5 bt IR
~ Ly . 7 N.I anpand ! _ T ob
. /W.\ ’ 48{8%299) |po1§BI0R | ; ! !
' , T 0%
\/ o
{ i oo

—— e e A Pt




38

Sy,

PRI e Dl S ke i ,}.‘.‘l,wl.&\.a&uﬂﬁv

- — e M L R T R s e Tk T R RS s e B s T P -
"W} JUBIQUISWE [EOMUCD B UTRHOD S2AMD MWISHDIN
PaloaLoD Yl *ANSIBATHL NP A9 Pandlod SSAMD ISTSYOID IY) TT PoSH ST W] JUBIQUWIW JEITIPUTIAS B ‘ATjusiieapeuy =

18d T JO sunsso1g 0118ISOIPAY [BWINU] 10] G [OPO AMISI9ATU[] ONpIng Ul SSSSANG [RIIUAILJUNOI) Tewidy] - ¢ oamfi g

SaYJUl Ul juswar] ~apul Ay Buoip adumysig Sayoul uI'juswa|3 suos Budip aduysIg

7y
I
)
i,
Ml

/ \\Lﬁ

2L 89 P9 09 96 O+t 9€ 2 82 ve 02 &l gl 80 ¥0 ° $C 80 21 91 02 pvp¢ 82 2¢ 9¢ ™ t+v 8¢ 3G 9G O‘mo_
g . ,ﬁ m\/lJlJ ‘ 1 [ A :
: | ol o\ | | | H ;
f
/ | M M o
[ ; :
1 T
| 7 B |
| W i ol
- NQ _ | ' ) ,‘ ,
| | 1 4 ! |
| ampew0 | \T ‘ , o
pojosiiog | - = 3 )
T T ,» 2 g A
| | 74 | 5
K o
@,
©
&

L (|
~

\\
\T
e
o]
™
18d

4 , , " M
g —— 0 KN \ \/ | j |
_ ° N : —— ] \Wl —_
l R \szswaeni| | 1 T
| . % K . 100148408y | | . !
- it 06
4 4 N U S = -
m = ]
H anpang
A ﬁ = 49184289 "0 403U L | m F H |

o)




o

. . . . . _— - . - - Coewmoesg T

== . . ~ - e - . . . .
e s L L an . . . 3

. N . S cm i e ome eme o mew - e e - - . @

- -
_ T3} JUBIQWIT [ESIHOD ¥ UTEIUOD S2AMD EL L BTSN
PR12031100 941, A3sIeAT() snping £q pemdmos seamo IS[IAI9D 3U} UT PISN SBM WIN] SURIqESH Te21IpuTi£o 8 ‘Ajjurapraapeu]
Isd T Jo amsseiy o1je3sophy TeuIoN] 10} g [OpON fy1saeAru)) enping ur sessong ?s:wuﬂsnmho TBUIeIXY - $F oIRS1g
$8YJU! Ul Juawa) 3 Japut|£) Buop Fsubysig - 0o S8y Ul judwall auod u_._o_,n 8ouDysi(q
2L 89 v9 09 95 Ov 9% € 82 ¥2 02 91 21 80 +O vO 80 21 91 02 v2 82 2¢ 9¢ Ov bb @y g 9% 09
N i v 7 o8-
I BERENEREN N T
. Il - - — _ONiIF/
“ . M l/, 928 19 BNL | h ) L V
! L i i ;, m
' . \ — 13193289 _‘
: ; s
| | | :
_ 1 ! &
13 % K 5
! . , , _ B
A \ . | 3 ,
” S ; i ] | V o :
— — — \
FETE] __ ] ‘ M o
%290 ; ,
; [T pawvsnoy . | | \TL L 0z
= 7 ; T f T T
| _ W LT =T ]
* —L ———og
2 * * / I I
m L s * .‘ _ ov
: ] ’ ojl\. ‘ Lioesduanys| | |
i I~ 1DOHJ8I0aY | | ! 0%
N ﬂ N “ 1 —
N I ! |
~e =17} [ i ﬁ co
| ﬁ anping W
i R LT EED) ,_uu.:v\.oeﬁ_ | , 1] oL




P
i

/ b,

40

DISCUSSION
COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY

. From Figures 10 through 35 it is evident that the TMB tests are in good agreement with
the Wonk-Taylor theory.? They agree equally well with the Geckeler curves drawn in Figures
13 through 17, the difference between the two theorstical curves being small in these cases.
The agreement with the Wenk-Taylor bhebry{ is especially good for Model CC-16 (Figures 28
and 29), for the external strains in Model de-lO (Figures 15 and 17) and Mode!l CC-11 (Figures

18 and 19), and for Models CC-20 and CC-EZél (Figures 30 through 35) except over limited ranges.

The largest disagreements occurred in tho circumferential strains; this may have been due to
the use of approximite edge coefficients in the theoretical calculations (see page 60).

The Purdue results shown in Figures 37/through 44 also ag‘r?/é\about equally well with
both Wenk-Taylor and the Geckeler approximate theories; the difference hetween the two theos
retical results is again small, ‘

FEATURE‘S OF THE THECRETICAL STRAINS

The maximum theoretical external stresses and strains, as ca‘lculuted from the Yenk-
Taylor theory, are collected in Table 2 for models with equally thick cone and cylinder and in
Table 8 for the models with unequal thicknesses.

From the numbers in the tables, or by inspection of the curves in Figures 10 through 35,
the following general conclusions can be inferred:

1. Genoral Comparison. At the intersection of cone and cylinder, the external stresses
and strains are all compressive in models with o = 30 deg or 60 deg, the longitudinal ones

- heing larger than the circumferential because of bending of the shell. When « is 5 deg, how-

‘ever, both stress and strain aro tensile except for the longitudinal strain, which is slightiy

compressive; the circumferential stresses and strains are larger than the longitudinal because
of membrane stretching.

i

At a sufficient distance from the intersection, on the other hand, the external stresses
and straing are necessarily all tensile.

2. Longitudinal Strains.

a. The maximum external longitudinal strain occurs at the intersection and in the
cylinder, when « ia 30 deg or 60 deg, sxcept in Model CC-21 (Figure 84), where the
maximum occurs in the thinner cone (A/H < 1). Fora =5 deg, thore is little difference

between cone and cylinder at the intersection, and numerieally larger strosses and
strains occur elsewhore.

b. In Model CC-20, with a thicker cone (A/H > 1), the calculated infernal longitu-
dinal stresses and strains exceed the oxternal at the intergection in both cone and

cylinder. At a distance, greater external stresses and strains occur in both com-
ponents. '
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TABLE 2

Maximum Theoretical External Stresses and Strains, for A/H = 1,
per psi of Internal Pressure

Tensile stress is positive.

h/2 R =0.00391 A/2R £0.00617 h/2R =0.01042
Location o ;
O'qs Ux E¢ Ex O'qs Ux €¢ EZ 0’¢ Ux €¢ €x
At Intersection | 60 |—919.2(-1163.4 | -19.0|-29.6|—416.4|-520.0|-8.7{-13.2| ~261.4 |~330.0)-5.4 [ 8.5
of 30(~285.5|~ 418.1|- 5.3|-11.1|-109.8|-185.9]-1.8(~ 5.1|— 42.2|~ 75.9|~0.6/~ 2.1
Cone 5! 57.6/" 22| 19{- 05| 50.0 2.1} 17|- 0.4] 393 4.7| 1.3{- 0.2
At Intersection | 60 {—881.7|-1205.4|-17.4|-31.4{-385.1{~523.3{~7.6{~13.6| —~220.8 | ~365.4|-3.8{ -10.0
of 30{-275.9|- 418:3|- 5.0}-11,1{-109.7|-185.9{~1.8{~ 5.1|~ 39.0{~ 75.9{~0.6{- 2.1
Cylinder 5| 57.9 23| 1.9{- 05| 51.0 23| L.7(- 04} 394 4,7} 13|~ 0.2
Away from |60 284.8) 440.51 6.9 13.4| 158.6| 233.2{ 3.7) 7.0 110.5] 152.4] 2.7] 4.7
Intersection |30| 162.1] 182.9( 4.3 5.0/ 89.4{ 85.1| 2.4 2.4] 514 507 1.4} 1.3
in Cane 50 108.5 66,4 3.1 1.2 83.4] 0.1) 240 0.9 579 33.2; L7/ 05
Away from |60( 183.1| 304.8] 4.7 9.5/ 100,5| 149.7| 2.6] 4.8 69.7{ 90.9] 1.9} 2.7
Intersection |30 152.1] 163.9] 4.1 4,5 88.0| 85.0] 2.4) 2.2{ 5071 44.1] 14} 1.2
in Cylinder 5| 108.9 66.4] 3.1 1.2] 86.0) 50.3( 25| 0.9 58.8] 33.2] L7 0S5
TABIE 8
Maximum Theoretical External Stresses and Strains, for A/H # 1,
. per psi of Internal Pressure
i i
! ‘Censile stress is positive.
Model CC-z0* Model CC-21
h/2R =0,00617 . W2 =0.00548
Location Shell h/H = 1.605 h/H =0.623
0¢ Ux‘ €¢ Gx CT(,I) Ux qu) ex
Cone | TTA| -89 S320=34) o0 o] o502 —2.0] =73
At the ~281) 215)-32| 11| i R
Intersection ~212.8 | ~409.3 | 3.2 | ~11.5
Cylinder 3 3 1= 814~ 89.3] ~1.8|-2.2
70.4 | 534.71-3.2| 171 ‘
96.2| 113.6] 2.5 3.2
Cone 104.81 110.7] 2.9 2.9
AW‘K from | ~° 823] 39.7| 25|~ 13
e
; 141.6| 138.51] .3.8 3.6
Intersection | oyjinder ' 67.1( 70.4] 18! L9
131.4 65.91 3.8(~- 1.2
*Lower valuesifor CC-20 are for internal fibers, others are for external fibers,
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" ¢. Away from the intersection, the maximum stress and strain usually occur, in
both cylinder and cono, at a distance of 0.16 & to 0.26 R from the intorsection (where
£ is the radius of the cylinder), the maximum stress and maximum strain not necessar-
ily occurring at the same point.

3. Circumferential Strains, External circumferential strains at the intersection were, of

course, equal in cone and cylinder (provided the exact edge coefficients are used); the stress-
os are also nearly equal when 4 = H, whereas greater circumferential stresses occur in the
thinner component when 4 and X are unequal,

Away from the interseciion, the maximum external circumterential stress and strain are
found within 0.1 % to (.5 B of the intersection, the two maxima not necessarily coinciding.
The maximum stress is found in the cone for o = 30 deg or 60 deg, but for « = 5 deg the maxi-
mum in the cylinder slightly exceeds the maximum in the cone.

THE E)&PERIMENTAL DEVIATIONS

The deviations between observed and calculated strain sensitivities show no marked

_consistent bias. The experimental points lie about equally above and below the theoretical
. S} 2 iy
curves, )

i
In order to see whetlier the deviations vary systematically with cone angle o or thick-

ness /£, deviations were collected for all models having % = H, taken at two selected points

on both cone and cylinder. The deviations were determined as close to the intersection of
zone and cylinder as experimental values were known, and also in the neighborhood of the
maximum at a distance from the intersection. Both longitudinal and circumferential extornal
strain sensitivities were included. l

These deviations were arranged by values of « and of 4/2 R in four squares, of which
a typical one is shown in Table 4. The deviations near the intersection were nearly all posi-
tive, indicating a slight tendency here for the experimental strains to be numerically sialler
than the theoretical. Furthermore, all plots showed a slight tendency for the deviations to
increase with increasing « or decreasing A. The deviations vary so much, howpver, that the
significance of the features noted remains dubious. This negative conclusion was supported
i1

by & chi-test’ ' made as if 4ll deviationsu had reference to independent observations of the

same quantity, -

It may bo remarked that, on reiesting certain models after 9 to 18 months, no substan-
tial change in the strain data was observed. The major sources,of error probably lay in theo-
retical approximations or in imperfections due to fabrication teohniques; these wi‘g\‘l now be

discussed.

"
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_f TABLE 4
' Average Deviation of Experimental from Theoretical Longitudinal
Strain Sensitivities Clm,e by the Intersection
? Strar;jn gsensitivities are given in mmroincixe\‘s per inch per psi internal pressure,
RI2R 5 Deg 30 Deg 60 Deg
Model CC-16 Models CC-8, 8A Model CC-13 " Average
(average)
] o
| 0 1.8 ‘2.4 14
0.00391
,' 0.1 1.8 3.7 1.9
; Model CC-12 Model CC-9 Madel CC-10
1
N 0. 2.3 2.7 L7
0.00617 ;
Co0.2 1.8 3.7 1.9
Mode! CC-14 Model CC-11 Model CC-15
j ' ' , 0.5 0.5 2.3 1.1
; 0.0142
' 0.3 0 0.8 ~0.2
, - y :
‘ 0.2 1.5 2.5 Overall
e Average Average
0.2 1.2 i 2.2 1.3
Top Box - Cone . 5:
Co . © Bottom Box -~ Cylinder J‘L‘
n - #

B SO
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FACTORS AFFECTING STRAIN RESULTS

The Experimental Precision

Pressures were read to 1 percent, strains to 5 pin/in. In calvculating strain sensitivi-
ties, a pressure range of 50 lb was emplc;yed. The reading error in the sensitivities should
thus not exceed 5/50 or 0.1 at most. In addition, there might be an error of 2 percent due to_
an error of this magnitude in the strains. A glance at the figures will show that instrumental
errors of this sort will not suffice to explain the observed differences between experimental

and theoreiical results.

Theoretical Approximations

Approximations made in the derivation of Report 826 thecry which affect stress magni-
tudes in the cone are:

1. Use of approximate differential equation;
2. Use of approximate stress-resultant equations;

3. Neglect of longitudinal displacement » when computing the displacement normal to
the axis w due to bending; and
4. Use of approximate edge coefficients in calculating edge forces.

Items 1, 2, and 8 above ars discussed in Report 826.2 The approximate expressions for the
edge coeificients a and ¢ on page 10 of Raference 2 were employed here, Use of these simpli-
fied coefficients results in slightly less computation, but the theoretical circumferential strains
in the cone and cylinder at the intersection are caused to differ, whereas in reality they must
be equal. This difference becomes more pronounced as the half-apex angle increases. The
difference with a = § deg is small (Figure 25); when o = 30 deg, it may be small (Figure 19)

or it may be appreciable, In Model CC-10, with a = 60 deg (Figure 17), the calculated circum-
forential strain was ~8.7 pin/in. in the cone and ~7.6 uin/in. in the cylinder, a difference of
about 13 percent. A later calculation with use of the exact coefficients 2 and d on page 10 of
Reference 2 gave a strain in both elements of -7.9. Thus, here the use of the approximate
edge coefficients caused a maximum error of 10 percent. .

Estimates are given on page 9 of Reference 12 of the maximum total error resulting from

all the approximations made in the Wenk-Taylor theory. The numbers given there agree closely

with the following formula (if Poisson’s ratio » = 0.8):

Muximum error at the intersection = 105 I/é% sina tana (in percent)

! i
At other points on the cone, R is to be replaced by z sin « where z is the distance from the
apex. Maximum errors at the intersection calculated from this formula for Models CC-8 to
CC-16 vary {rom 0.6 to 12 percent.
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Effects of Imperfections in the Models

Three major defects encountered in any one model are lack of
1. Circularity. ”
2. Rectilinearity of generators.
3. Constant thickness at or close to the intersection.

All three defects are attributable to the fabrication of rolled and welded shells into a compos-
ite structure.

That initial deviations around the circumference and axially along a cylindrical shell
increase the stresses under hydrostatic loading is well known.!2: 13 Reference 13 states that,
in a thin circular ring, an initial deviation equal to 1/100 of the radius may increase the maxi-
mum fiber stress due to circumferential berding 4 to 7 times over the circumferential membrane
stress. The initial deviation of Model CC-21 presented in Table 5 in Appendix A was greater
than 1/100 of the radius. Such large initial deviations in a conical shell may very likely
cause a far larger increase in the maximum fiber stress due to bending.

This nonsymmetnc bending of the shell can be studied in regions aws,y from the inter-
sections where almost pure membrane action should result in stresses and sirains equal on
both sides of the shell. In Figure 32, for example, the strains in the interndl fibers follow
the trend of the theoretical curve but nearly all lie above it; the external strains, similarly,
all lie below the theoretical curve in the region of membrane stress.* Averaging the internal
and external strains to eliminate circumferential bending places the membrane strains in close
proximity to the theoretical curve. Unfortunately, the original deviations on Model CC-20 are
unknown. The initial circumferential irregularities preceding the second test were not exces-
sive, being within the tolerances discussed in Appendix A. The longitudinal generators, as
may be seen from Figures 54 and 55 in Appendix A, were almost straight. ‘

~ The longitudinal strains in Model CC-20, on the other hand, both interrial and external,
agree closely with the theoretical strains. ‘:

The original theoretical calculations were made on the basis of umforri.‘l thlckness,
taken as the average measured thickness of the sheet steel prior to rolling. The thlckness
variation close by the intersection does not vary monotomcally, however. In fact, due to the
irrogularity of hand grmdmg, it may vary in a random manner, and the randompess of . .ickness
would be very difficult to compare with the strain..

Strains recorded on different genearators, at 0, 120’H and 240 deg, but at equal distances

from the intersection, differed in magnitude. This spraad in values is presumably due to a

stiffening effect from an excess or lack of weld material, which increases or decreases the

1

local bending when the shell is pressurized.

#*Departures from circularity were apparently in an oval mode. Results wotld not have shown such marked

effects of nonsymmetric behavior if the imperfections in shape were more localized.
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~ Excess weld material acting as a stiffener may contribute to the low compressive strain
at the intersection. Conversely, a deficiency of matorial at the junciure may induce high com-
pressive strain. Tﬁ‘e resultant strain ‘depends upon whether the bending or membrane action
is the major contributor to the strains, .

An attempt was made actually to correlate initial out-of-roundness with the experimen-
tal strains, but with only limited success. Figures 45 to 50 in Appendix A show that only the
circumferential strain followed (in many locations) the deviation pattern of the original circum-
fere;ltial circularity. An effect of thickness variation upon strain is unrecognizable.

More consistont results could undoubtedly have been obtained with machined instead
of welded models. The cost would have been very much greater, however, and it is believed
that the accuracy obtained with the welded models was sufficient, not only to validate the
TMB Report 829 theory, but also to indicate the locations of maximum stresses and strains.

The inconsistencies caused by the initial imperfections in this series of models may them-

selves be useful in estimating variations in elastic sirains in welded pressure vessels due io -

normal imperfections in workmanship.

CONCLUSIONS

1. The test results indicate substantial agreement with the Wenk-Taylor elastic theory
described in TMB Report 826, in spite of irregularities in fabrication of the models. It may
be concluded that the theory is an adequate representation, within engineering accuracy, of
the discontinvity stresses awrising at the intersection of aconical and cylindrical shell.

2. As the half apex ang?le « of the cone increases, there is a pronounced divergence be-
tween both the Geckeler and TMB approximate analyses and the accurate Love-Meissner

analysis, but for cones wit.fi smallor apex angles there is very little difference between the
theories. ! '

B
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APPENDIX A

i MODEL IMPERFECTIONS

OUT-OF-ROUNDNESS

The initial out-of-roundness and the allowable out-of-roundness of the intersection of
the cone and cylinder are compared for five models in Table 5. The actual out-of-roundness
was determined from circularity moasurements on the inside of the shells, Measurements on
the internal surface were chosen in preference to those on the external surface since measure-
ments on the outside would include also the thickness deviations due to the grinding at the
intersection. The actual deviation was taken as the difference in inches between the two ex-
treme eccentric points of shell deviations; Figures 45 through 50.

TABLE 5

Initial and Allowable Out-of-Roundness of Cone and Cylinder at the Intersection

Cone Cylinder
Shell Actual Qut- Allowable Shell " Actual Out- Allowable
Model | @ | Thickness of-Roundness | Deviation | Thickness of-Roundness | Deviation
in. in. ASME* in. in. ASME®
cc-8 |30 | 0.060 0.060 0.08 0.060 C 0,065 0.08
CC-8A | 30 0.060 0.054 0.08 0.060 0.043 0.08
CC-10 | 60 0.096 0.050 0.076 0.096 0.033 © 0,076
cc-20 | 30 | D0.067 0.061 0.076 0.097 0.032 0.076
cc-21 | 30 0.097 - 0076 0.057 0.067 0.047 0.057
*:Allowable deviation is 1 percent of the radius (Section UG-80, Boiler Code, 1952).

The actual measured out-of-roundness is compared with two widely acéepted criteria
for allowable out-of-roundness in Table 5. The first, commonly used in submarine fébrication,
is that the allowable deviation from circularity is equal to the shell thickness.t All the models,
with the exception of the cylinder o Model CC-8, were well within this tolerance, The second
criterion is used in the fabrication of commercial unfired pressure vessels and may be found in
the ASME Boiler Code, Section UG-80, 1952; the allowable out-of-roundness is 1 percent of the
difference between minimum and maximum diameters divided by the nominal diameter at the
cross section. The cone of Model CC-21 was the only shell that did not fall within this latter

TIn the fabrication of cylindrical models which are to be'tested under external hydrestatic pressure, the deViaticn
allowed at the Model Basin has been one-half the shell thickness, As the cylicone models are tested exclusively
under internal pressure, this allowable out-of-roundness scems unduly rigid for these models.
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limit. As all the cylicone models were fabricated by identical procedures, the out-of-roundness
of the five models shown probably indicates thai the out-of-roundnesses of all the models were
within recognized tolerances. : , !

In Figures 48 through 50 the strain sensitivities of Models CC-BA, ﬂ(JC-iO, and CC-21 o 1‘
are shown for comparison with shell thickness and circumferential initial éircularity at points
equidistant from the intersection on both cone and cylinder. Initial circumfereatial deviations

}
of cone and cylinder at these points have a two-lobe formation, and the deviation curves of ‘ é‘
cone and cylinder of any one model are very similar. Circumferential strain sensitivities of |

|

all three models have directional inclines resembling the initial circularity of its shell,

GENERATOR RECTILINEARITY ‘ o

SRS SEES

Longitudinal profiles were measured along the 0-, 120-, and 240-deg generators on both
cone and cylinder and also on the seam, to determine generator rectilinearity. In Figures 51

through 55 are shown comparisons of longitudinal profiles of Lne cone on Models CC-8 and
CC-8A, two separate generatois of the cone and cylinder of McdelﬂCC-lO, and generators of

the second test of Model CC-20. In general, it was noted that the’,fginitial deviation of any one
generator was never larger than the shell thickness. The directions of the deviations indicated
a tendency of the models to bulge outward,

THICKNESS MEASUREMENTS . ’

Thickness measurements along the generators of Models CC-10, CC-QO (second test),
and CC-8A are illustrated in Figures 56 through 60. Thickness measurements at points 3/ 32
or 1/4 in, from the intersection on cone and cylinder for Models CC-8A and C(J 10 are qhown
in Figures 45 through 48, '

Measurements of points close to the intersection of Model CC-10 (Figures 56 and 5?) ‘
show that on the 0- and 120-deg lines, the conical shell thicknesses along the generator were |
greater for the first than for the second test. On the 240-deg line, and also awa;) from the
intersection on the 0- and 120-deg lines, the thickness at equldlstant points varied at most
by 8 percent. On the cylindrical shell generators, thicknesses at equldlstant pojnts were }‘

. practically equlvalent in the first 2nd second tests, with va.tmtxons of up to 3 percent.,

The thickness variations along the generators of Model CC-20 (second tesn), Figures
58 and 59, showed rerﬁ‘arkable similarity due to the teclinique" smployed in grinding off the
excess weld material at the intersection, All generators on the cone were undercut n\aiu' the
intersection; the corresponding generators on the cylinder were thicker near the mtxarsectnon
but otherwise quite uniform..

Thicknesses on the 0ideg line on both cone and cylinder of Modsl CC-8A are shows in_
Figure 60. The malerial close to the intersection on both cone and cylinder is thicker than the
original shell, whereas beyond about 3/4 in. from the intersection the effect of grinding haq
dumn.xshed 80 that essenual ly the true shell thickness exists.

Text continued ou), page 60.
| b
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Figure 50 - Circumferential Circularity Measurements Compared to Strain Sensitivities at Points

3/32 Inch from the Intersection on the Cylinder of Model CC-21
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| _‘ APPENDIX B
. ‘ ' THEORETICAL CALCULATIONS
- | ‘

‘Theoretical distributions of stress and strain were calculated for all models, including N

the Purdue models,® using the approximate Wenk-Taylor theory? for the cone and Timoshenko’s . » 1
equa.tions.14 for the éylinder. Young’s modulus and Poisson’s ratio were taken as 80 x 10° ‘ (
and 0.3, respectively. The approximate edgé coefficients a angd 4 on page 10 of Reference 2 o *
were employed except, in_a few special calculations o be deséribed later. For comparison, ' ‘
! calculations were also made for two models by the apprommate mel:hod of Geckeler, some- 8 i j
times called the equivalent-cylinder method. Finally, maximum shresses &t the intersection |
of cone and cylinder in these models were also calculated from the general equatlons of “
E. Melssner?o as extended by F. Dubois.!5* ’ A P
u 7. S

COMPARISON OF THE THEORIES , | | o

i i . ' | )

5 Two'models with A = H and nominal % = 0.00617 were selected for a close comparison e !
of the theories, namely, CC-9 with a = 80 deg and CC-10 with « = 60 deg,. The exact éxéréél ' ”(f ;({,t .
sions for the edge coofficients as given on page 10 of Report 826 were employed in these ‘
calculations. The resulting edge moments # in the cone at the intersection, as calculated .
by TMB-Report 826 and Geckeler, agreed w1th1n 8 percent, and the edge forces H,, w1thm i
1 percent. ' : . R

Stresses and strains at the intersection of cone and cylinder, as calculated from three i
different theories, are listed in Tables 6 and 7. It will bs noted that, for.the model with ‘ {
a = 30 deg, stresses calculated by the method of TMB Report 826 differed only by 1 to 3 per- .
cent from the values calculated by iahe exact Love-Meissner theory, the Geckeler values dif- o
,fering by 3 to b percent. For the model with o = 60 deg, howevgr, tlckeler s method comes

i closer, agreeing within 2 percent, whereas tho TMB Report 8260 values are off 3 to 4 percent.
The strain sensitivities show differences, as between TMB Report 826 and Geckeler, with a

Sk el L 2 e

maximum of 9 percent between- the largest values (13.8 versus 15 1). All these dxfferenceas
[y i
© are satisfactorily small, ' ' !
iy K
- ' ‘ ' i
: STRESS INDEX FACTORS - : \\ ’
p ‘ The general nature of the calculated results can be exhibited grap}n “lly by plottmg
‘ stress index factors, or the maximum stress in the cone at the mtorsectlon, ‘ded by the
ordmary hoop stress in the cylinder, pR/(2h) This is done for all TMB n’ ;s with /4\\.— H e
in Flgures 61 and 62. P i
P 1
— i ! 5
*Numierical data fofjthe use of Dubois” equations were given by Watts and Burmws,16 4 ,;atts and Lang. 17 ,3 .
) % bt | ] S
: 43
! A
N B N B . . ,’I
, , , , - ,
4/7 T



various available theories.

61

It will be noted that the stress inloex fanctors become numerieally 1arae’ as.the cone
angle a becomes large, but decrease numezica lly as. A/2R i increases, except wheu ois small
The index factors should depend on Iz onlyay through the.ratio h/2R:

The results show graphically thesm mil differences between results complited ‘w, the i

i . {;
|
\ o

~ MBLE 6 ) ’ i

| N I

]
Compén\ ,l)n of Maximum Exlse=mal St.resses in Cone at Int.ersecuon /’
of Modsls== (C -9-and CC- 10 "

is"
it
"

Stress in psi per psi
Model - Stress Th  Rwort 826 Geckeler Love-#eissner ’
. Exact
cC-9 o —15.9 -189.] ~179.3
o =30 deg % —109.8 -113.1 ~110.8
CC-10 o, — .0 | -530.0. ~541.6
e = 60 deg o — 5.4 -390.9 ~389.9
|
T"ABLLE 7

Maximum Theorotical Ei tmel Sfirain Sensitivities in Cone
of Modil-=((C-9 ‘and CC-10

a Max, Circw, Saan Max. Lo~git. Strain
Model pin/inf omsi pin/in/psi.

deg Geckeler THB 8Re port 826 Geckeler ‘TMB Report 826
. CC-9 30 +2.2% 12 .5* - 5.1 - 5.1
CC-10 60 -1.4 7.1 -15.1 -13.8

*Away from the intersection. Others il Lidinlerss ection,
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L .
13
. 2 ,
y @ = 5dagraes
k g kscl6 cci2
5 0
,
’ -l N ——
) .l 1 - a = 30 degraes e
%III
N .
. e =7 o9 i
| .4 /‘/ . AN _
! H ccB
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. o i i
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% o
. - 7 I
' B
E ol — L .
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. Figure 61 - Maximum Theoretical Circumferential Stress Indexes in Conical and Cylindrical
Shell at-the Intersection (External Fiber) A/H = 1
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